Descending pathways are important modulators of motor networks and allow the dynamic adjustment of behaviors to changing internal and external conditions. Central pattern generating networks (CPG) have been particularly amenable to study the modulation of motor networks and demonstrated that virtually all levels of information processing are controlled by descending projections. CPGs receive sensory feedback and while it is known that sensory activity can be gated by central pathways, we here present for the first time that descending projection neurons modulate action potential initiation in sensory neurons.
INTRODUCTION
Many rhythmic behaviors such as breathing, swallowing and walking are mediated by central pattern generators (CPGs) . CPGs are neural networks that generate rhythmic motor output, and they often do so even in the absence of afferent input (Delcomyn, 1980; Marder and Calabrese, 1996; Nusbaum and Beenhakker, 2002; Grillner, 2009; Selverston, 2010; HarrisWarrick, 2011) . Nevertheless, CPGs receive sensory input to adjust their output to changes in the periphery (reviewed in Bässler, 1986; Wolf, 1995; Ausborn et al., 2007; Büschges et al., 2011; Stein, 2014) . When this occurs, the stimulus properties are not the only factors to contribute to motor activity. Instead, peripheral and central influences interact to produce the output, making the state of the system and ongoing activity important contributors to stimulus-induced changes in motor output.
A number of mechanisms have been identified that affect sensory pathways, including activity-or state-dependent reduction of afferent spike amplitude (Clarac and Cattaert, 1996; Schmitz and Stein, 2000; Margrie et al., 2001; Barriere et al., 2008) , spike conduction block (Burrows and Matheson, 1994; Xiong and Chen, 2002; Lee et al., 2012) and regulation of spike initiation (Evans et al., 2003; Cropper et al., 2004) . In addition, encoding of sensory information has been shown to be subject to neuromodulation in several systems (Katz and Frost, 1996; Birmingham, 2001; Birmingham et al., 2003; Mitchell and Johnson, 2003; Dickinson, 2006; Stein, 2009; Nadim and Bucher, 2014) , although in most cases the source of the modulation is unknown.
Studies of activity-dependent regulation and modulation are technically difficult and best performed in experimentally advantageous invertebrate preparations with access to individually identified sensory and central pathways. We use one such preparation to study central modulation of the sensory neuron AGR (anterior gastric receptor neuron) which is part of the gastric mill CPG for chewing in the crustacean stomatogastric nervous system (STNS). AGR is a single-cell bipolar muscle-tendon organ (Combes et al., 1995; Smarandache and Stein, 2007) . Its soma is located in the stomatogastric ganglion (STG) and protrudes a central axon to upstream modulatory projection neurons in the commissural ganglia (CoG) and a peripheral axon to gastric mill muscles (Fig. 1A , Combes et al., 1995) .
Part of the normal activity repertoire of AGR is the generation of spontaneous low-frequency tonic ectopic spike activity in its central axon (Smarandache et al., 2008; Daur et al., 2009; Städele and Stein, 2015) . Ectopic spiking occurs as soon as peripheral spiking ceases, i.e. at
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rest and in-between peripherally generated bursts (in vivo and in vitro, Smarandache et al., 2008; Daur et al., 2009) . Those ectopic spikes are propagated orthodromically (towards CoG projection neurons) and antidromically (towards the periphery) (Daur et al., 2009; Städele and Stein, 2015) . Ectopic spiking has been identified in sensory and central neurons in a number of different systems and can affect spike initiation (via antidromic propagation) and transmitter release (via orthodromic propagation) (Lena et al., 1993; Pinault, 1995; Cattaert et al., 1999; Bucher and Goaillard, 2011) . While the effects of antidromic propagating ectopic spikes in AGR are unknown, Daur et al. (2009) have shown that even small changes in ectopic spike frequency causes pronounced changes in the postsynaptic circuits. To what extent ectopic spike activity is regulated and under neural control is unclear, as well as whether it is influenced by central or sensory pathways.
We have previously shown that ectopic firing in AGR appears to be weakly excited by gastric mill motor neurons in the STG (Goldsmith et al., 2014; Städele and Stein, 2015) . Here, we show that axonal spike initiation in AGR is directly modified by descending modulatory projection neurons that control the CPGs in the STG. We found that the inferior ventricular neurons (IV, Christie et al., 2004; Hedrich and Stein, 2008) , a pair of descending chemosensory projection neurons located in the supraesophageal ganglion (brain, Fig. 1A ), elicited a long-lasting decrease in AGR spike frequency. This decrease could only be observed when spikes were generated ectopically in the central axon (close to the STG neuropil). The IV neuron effect was mediated via release of Histamine at the central spike initiation zone. We thus demonstrate that the direct control of ectopic spiking in a sensory neuron can increase the physiological repertoire of sensory feedback without the need for changing circuit connectivity or synaptic weighting.
MATERIALS AND METHODS

Dissection
Adult crabs (Cancer borealis) were purchased from The Fresh Lobster Company (Gloucester, MA) or Ocean Resources Inc. (Sedgwick, ME) and kept in tanks with artificial sea water (salt content ~1.025g/cm³, Instant Ocean Sea Salt Mix, Blacksburg, VA) at 11°C and a 12-hour light-dark cycle. Before dissection, animals were anesthetized on ice for 20-40 minutes. All experiments were performed in vitro on isolated nervous systems. The stomatogastric nervous system (STNS) including the supraesophageal ganglion (brain, Fig.   1A ) was isolated from the animal following standard procedures, pinned out in a silicone lined (Wacker) petri dish and continuously superfused (7-12 ml/min) with physiological saline (10-11°C). Experiments were performed on fully intact and decentralized preparations. In the latter, the CoGs were removed by transecting the paired ion and son.
All animal procedures were performed in accordance with the Illinois State University animal care committee's regulations. We adhered to general animal welfare considerations regarding humane care and use of animals and Guidelines laid down by the NIH. Animals were sacrificed on ice, a method recognized as acceptable under the AVMA guidelines for euthanasia of invertebrates.
Solutions and modulators
C. borealis saline was composed of (in mM) 440 NaCl, 
Extracellular and intracellular recordings
Previously, Goldsmith et al. (2014) demonstrated that removing the sheath of the stomatogastric ganglion (STG) influences modulation of AGRs ectopic spiking. Thus, if not stated otherwise, all experiments were carried out using non-desheathed nervous system preparations and extracellular recording techniques. For extracellular recordings, petroleum jelly-wells were built to electrically isolate a small part of the nerve from the surrounding bath.
One of two stainless steel electrodes was placed inside the well to record neuronal activity of all axons projecting through a particular nerve. The other wire was placed in the bath as reference electrode. Extracellular signals were recorded, filtered and amplified through AM Systems amplifier (Model 1700, Carlsborg, WA). Files were recorded, saved and analyzed using Spike2 Software (version 7.11; CED, UK) at 10 kHz. The activity of AGR was monitored on multiple extracellular recordings simultaneously, namely on the stn, dgn, and the son (see Fig. 1A ). AGR activity was measured as instantaneous firing frequency (inst. ff.)
as determined by the reciprocal of the interspike interval.
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Extracellular axon stimulation
Retrograde extracellular nerve stimulations were performed using a Master-8 pulse stimulator (A.M.P.I., Israel) controlled by self-programmed Spike2 scripts. Extracellular activation of sensory modalities is well established in the STNS and we used standard stimulation protocols to activate the IV neurons , the ventral cardiac neurons (VCN, and AGR (Smarandache and Stein, 2007) . A petroleum jelly well was built around a nerve containing the axons of the neuron of interest.
One of two stainless steel stimulation electrodes was placed inside the compartment, the other was placed outside. The IV neurons were activated via extracellular stimulation of the inferior ventricular nerve (ivn, see Fig. 1A ) with 10 consecutive stimulus trains, 10 to 50 Hz stimulation frequency, 6 sec stimulus trains, 6 sec intertrain intervals ,1 ms pulse duration, 0.5 to 2 Volt stimulation voltage (Hedrich et al., 2009; Hedrich et al., 2011) . The VCNs, were activated via extracellular stimulation of the paired dorsal posterior oesophageal nerves (dpon) with 10 consecutive stimulus trains, 15 Hz stimulation frequency, 6 sec stimulus trains, 4 sec intertrain intervals ,1 ms pulse duration, 2 to 3 Volt stimulation voltage . In all experiments both dpons were stimulated simultaneously using different channels on the Master-8 stimulator. AGR was stimulated on the anterior gastric nerve (agn, Fig. 1A ), a side branch leaving the dgn that exclusively contains the AGR axon. To detect differences in spike failures before and during IV neuron modulation, the agn was stimulated with 10 consecutive trains, 10 to 40 Hz stimulation frequency, 9 sec stimulus trains, 9 sec intertrain intervals, 1 ms pulse duration and 0.5 to 1 Volt. To determine changes in spike conduction velocity we used 5 consecutive trains of 15 Hz stimulation frequency, each train with 28 pulses, 6 to 9 sec intertrain interval and 1 ms pulse duration. ] orcokinin, Li et al., 2002) were a gift from Lingjun Li (University of Wisconsin at Madison, WI, USA). Neuromodulators and antagonists were applied selectively to the posterior part of the stn where AGR's ectopic spike initiation zone is located (Städele and Stein, 2015) . A petroleum-jelly well was used to isolate the application site from the rest of the nervous system. The well had an inner diameter of approximately 300-400 µm. Neuromodulators and antagonists were cooled to 10-12°C and manually applied into the well using a 1 ml syringe with an injection needle. To exclude temperature-induced changes in AGR frequency, saline with the same temperature as the neuromodulators/antagonists was applied 5 minutes before each application.
Neuromodulator and antagonist application
Measurements were taken in steady-state (5 minutes after neuromodulator/antagonist wash in for Windows, Systat Software GmbH, Erkrath, Germany) were used. Normally distributed data are given as mean ± SD. "N" denotes the number of animals, while "n" is the number of trials. Significant differences are indicated using * (p<0.05), ** (p<0.01), *** (p<0.001).
Detailed information about statistical tests is given in the corresponding figure legend. (A) Schematic of the stomatogastric nervous system. Axonal projections of the paired IV neurons are depicted in red. AGR and its axonal projections are depicted in blue. AGR, the sensory neuron used in this study, is a bipolar neuron with its soma in the STG (see inset on the left) and axonal projections in the stn and dgn. AGR was visualized via intracellular injection of Alexa Fluor 568. Neural structures were visualized via bath-application of the voltage-sensitive dye Di-4 ANNEPS (Städele et al., 2012 Hedrich and Stein (2008) . ( 
RESULTS
We have previously shown that ectopic spikes in AGR are initiated in posterior parts of the stn, in vicinity to the anterior border of the STG. Those ectopic spikes are weakly excited by the STG gastric mill (GM) motor neurons during ongoing gastric mill rhythms (Städele and Stein, 2015) . The STG is innervated by a set of descending modulatory projection neurons from the commissural and oesophageal ganglia as well as from the brain. These projections initiate or modulate the pyloric and gastric mill CPGs (summarized in Marder and Bucher, 2001; Selverston et al., 2009; Stein, 2009; Blitz and Nusbaum, 2011) . The AGR axon projects through the STG (Fig. 1A ) and albeit no connections from AGR to descending projection neurons have been identified, Goeritz et al. (2013) suggested putative chemical connections to an unknown modulatory projection neuron.
AGR's ectopic spike activity is influenced by descending projection neurons
To test whether ectopic spike initiation in AGR is under neural control by descending projections, we selectively activated the two chemosensory IV neurons. This pair of neurons descends from the brain and innervates both the STG and the commissural ganglia (Fig. 1A) .
To activate the IV neurons we performed repetitive extracellular nerve stimulations (according to their in vivo firing pattern, Hedrich and Stein, 2008) of the inferior ventricular nerve (ivn) through which the IV neuron axons project (Fig. 1A) . We monitored AGR ectopic spike frequency extracellularly on several nerves (the peripheral dorsal gastric nerve (dgn), the central stomatogastric nerve (stn) and close to CoG projection neurons on the superior oesophageal nerve (son)). Figure 1B shows the response of AGR and the gastric mill motor circuit to IV neuron stimulation. IV neurons were stimulated with 40 Hz and 10 consecutive trains of 6 sec train/intertrain duration. IV neuron stimulation induced a strong decrease in AGR instantaneous firing frequency (from 3.9 Hz to 2.3 Hz, f=1.6 Hz) that outlasted the stimulation for more than 300 seconds. Across preparations, IV neuron stimulation caused a significantly decrease in AGR firing frequency by 26.7±7.9% (Fig. 1C , one way RM ANOVA, p<0.01, N=14).
Additionally, as described previously IV neuron stimulation started a long-lasting gastric mill rhythm with alternating burst activity of the lateral gastric (LG) neuron on the lateral gastric nerve (lgn) and the dorsal gastric (DG) neuron on the dgn (Fig. 1B, bottom). The gastric mill rhythm was accompanied by small rhythmic frequency changes in AGR which are likely to be mediated by the gastric mill (GM) motor neurons (Goldsmith et al., 2014; Städele and Stein, 2015) . We found that the decrease in AGR firing frequency could be prolonged when the IV neurons were stimulated for longer durations (up to 40 stimulus trains, N=5, data not shown). In these cases, the beginning of the recovery back to baseline frequency was also delayed until the end of the stimulation.
To characterize the time course of the IV neuron-mediated effect we measured AGR firing frequency before IV stimulation (control), during the 5 th and 10 th stimulation train and 80 sec and 200 sec after the last stimulation (Fig. 1C) . Across animals (N=14) we found that the IV neuron-mediated effect had a slow time course: AGR firing frequency was significantly diminished starting with the 5 th stimulation and up to 80 sec after the last IV stimulation (p<0.01, one way RM ANOVA, N=14). On average, AGR firing frequency was most diminished at the end of the IV stimulation (= 10 th stim). The response of AGR to IV neuron stimulation depended on stimulation frequency. When we stimulated the IV neurons with frequencies between 10 to 50 Hz (Fig. 1D , 10 Hz step intervals) stimulation elicited gastric mill rhythms at all frequencies, with higher stimulation frequencies causing longer lasting and stronger rhythms. However, although 50 Hz stimulation elicited the strongest gastric mill rhythms, 40 Hz elicited the strongest reduction in AGR firing frequency. Higher and lower frequencies were less effective. Significant responses could be observed at 20 Hz, but lower frequencies (10 Hz) had no effect on AGR (AGR inst. ff. after 5 th stim. with 20 Hz was significant different from control, one way RM ANOVA, F(4,55)=3.73, p<0.01, N=14). 
Axonal spike initiation is directly controlled via chemical synaptic transmission
The IV neurons exert their actions on the STG motor circuits directly via direct histaminergic inhibition of STG circuits and indirectly via activation of modulatory projection neurons in the commissural ganglia (Christie et al., 2004; Hedrich et al., 2009) . Their latter actions are required for activation of the gastric mill rhythm and involve two identified projection neurons, MCN1 (modulatory commissural neuron 1) and CPN2 (commissural projection neuron 2) (Christie et al., 2004; Hedrich et al., 2009; Hedrich et al., 2011) . The fact that the observed decrease in AGR firing frequency during IV neuron stimulation was always accompanied by a gastric mill rhythm suggested that the commissural neurons might be involved. To test
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whether commissural projections contributed to the response of AGR, we elicited gastric mill rhythms that involved the same two projection neurons (but not IV neurons) via activation of the mechanosensory VCN neurons .
For that purpose, we activated the VCNs via extracellularly stimulation of the dorsal posterior oesophageal nerve (dpon, Fig. 1A ) with 10 consecutive stimulus trains, each with 15 Hz stimulation frequency (according to . VCN stimulation started a strong and long-lasting gastric mill rhythm (note the alternating activity of LG and DG; Fig.   1E ) which was accompanied by rhythmic firing frequency changes in AGR (similarly as previously reported; Goldsmith et al., 2014; Städele and Stein, 2015) . However, there was no consistent or long-lasting decrease in AGR firing frequency. We found this to be true for all preparations tested (Fig. 1F, N=8 ). With the exception of the small rhythmic firing frequency changes, AGR firing frequency remained unaffected during and after VCN stimulation. This indicated that the decrease in AGR firing frequency was specific to the IV neurons and not dependent on the activation of MCN1 and CPN2.
To further scrutinize this result, we completely removed the CoG projection neurons by transecting the ions and sons. This left the direct connection of the IV neurons to the STG intact but eliminated indirect effects via CoG neurons. Figure 2A shows the AGR ectopic firing frequency before and after CoG transection. Recordings are from the same preparation. IV neuron activation elicited similar decreases in AGR firing frequency in both conditions. This was consistent across preparations ( Fig. 2C) and there was no significant change in AGR firing frequency decrease when the CoGs were transected in comparison to control (p=0.85, one way RM ANOVA, N=8). We also noted that in this condition the smaller AGR frequency oscillations were absent.
The above experiments indicated that the decrease in AGR firing frequency could be mediated via a direct influence of the IV neurons onto AGR. The IV neurons are modulatory projection neurons known to contain at least two co-transmitters, namely Histamine and FMRF-like peptide F1 (Christie et al., 2004) . Li et al. (2002) suggested that the IV neurons might potentially also contain different Orcokinin isoforms.
To test if the diminishment in AGR firing frequency was mediated by one of the IV cotransmitters, we first examined whether the decrease in AGR firing frequency was chemically transmitted. For this, we blocked chemical transmission at AGR's ectopic spike initiation zone (eSIZ) by reducing the extracellular calcium concentration via focal application of low Ca 2+ saline to the posterior part of the stn. When chemical transmission was blocked, IV neuron stimulation did no longer cause a decrease in AGR firing frequency (Fig. 2B) . We found this to be true for all preparations tested (N=6, Fig. 2C ). Measurements were taken in steady-state, i.e. 5 minutes after application. The two Orcokinin isoforms never elicited a change in AGR firing frequency (Figs. 3A and D, N=5 ) despite the fact that both isoforms influence the pyloric and gastric mill CPGs when applied to the STG (Li et al., 2002) . This was true for all concentrations tested (1 to 100 µM, N=5). Application of 100 µM FMRF-like peptide F1 to the posterior part of the stn excited AGR and elicited a strong increase in firing frequency (Fig. 3B) . This increase was concentration-dependent. 1 µM FMRF-like peptide already caused an increase in AGR firing frequency, but the effect was much smaller. On average we found that 100 µM FMRF-like peptide caused a significant increase in AGR firing frequency by 32±15% (Fig. 3D middle, from 2 .76±0.90 Hz to 3.58 ±1.02 Hz, p<0.001, paired t-test, N=6). In all cases, the time constant of the increase was slow and steady state was reached after about 120 sec. Application of histamine (10mM), in contrast, caused a strong diminishment in AGR firing frequency (Fig. 3C) with a similar time course as seen during IV neuron activation (for comparison see Fig. 1B ). On average, histamine caused a significant decrease in AGR firing frequency by 28±9% (Fig. 3D (A) Overlay of 70 AGR action potentials showing the spike occurrence at 3 extracellular recording sites before, during and after 40Hz IV neuron stimulation. Extracellular AGR spikes on the stn and son were aligned to the dgn. The site where the AGR action potential occurred first is indicated in bold. In control conditions (i) spikes first occurred on the stn and then traveled antidromically towards the dgn and orthodromically towards the son. IV neurons stimulation did not relocate the site of spike initiation since the delays between recording sites did not change during (ii) or after IV neuron stimulation (iii). (B) Change in conduction delays between dgn, stn and son before and after HiDi application to the posterior stn. HiDi application moved the site of spike initiation towards the periphery. In control condition (saline, top), action potentials first occurred on the stn recording. After HiDi application, action potentials first appear on the dgn and propagated orthodromically towards the stn and son. (C) AGR instantaneous firing frequency before and during IV neuron stimulation with spike activity generated at the eSIZ in the stn (top) and in the periphery (bottom, HiDi saline application to the posterior stn). The large unit on the dgn is the DG neuron. In HiDi, IV neuron stimulation did not affect AGR inst. ff. despite the fact that it elicited a strong and long-lasting gastric mill rhythm. Recordings from B and C are from the same preparation.
We have recently shown that the whole length of the central AGR axon is sensitive to modulation by the monoamine octopamine (OA, the invertebrate analog of norepinephrine), namely that AGR spike frequency increases independently of where OA is applied along the axon (Städele and Stein, 2015) . To test whether histamine's effects were restricted to the posterior stn or affected the whole axon trunk we also applied histamine specifically to anterior and middle parts of the stn, as well as to the dgn. In none of our experiments (N=3) did histamine cause a change in AGR firing frequency when applied to these stn parts.
To test whether histamine released from the IV neurons caused the diminishment of AGR's firing frequency, we blocked the actions of histamine during IV neuron stimulation. We used cimetidine, an H 2 receptor antagonist shown to effectively block IV neuron-mediated histaminergic effects in the STG (Christie et al., 2004) . In specific, we stimulated the IV neurons in regular saline, observed the decrease in AGR firing frequency, applied cimetidine (5 mM) to AGR's ectopic SIZ in the posterior stn and stimulated the IV neurons again. Figure   3E shows the response of AGR to IV neuron stimulation before and during cimetidine application. AGR's response was significantly reduced in cimetidine (trace ii), indicating that histamine contributed to the IV neurons' effect on AGR. The effect was reversible and the decrease in AGR firing frequency could be partly restored after cimetidine wash-out (trace iii). Across preparations, we found that in the presence of cimetidine the decrease in AGR firing frequency during IV stimulation was significantly reduced when compared to control stimulations (Fig. 3F , average AGR inst. ff. in control conditions: 2.23±0.76 Hz, cimetidine: 2.96±0.88 Hz, paired t-test, p<0.01, N=3). In summary, thus, our results demonstrate that the IV neuron co-transmitter histamine diminished AGR firing frequency, likely via H 2 receptor activation. Since the decrease in AGR firing frequency was not fully suppressed when H 2 receptors were blocked, other receptors may contribute as well. Shown is the change in AGR inst. ff. before, during (grey bar) and after repetitive 40 Hz IV stimulation for one preparation.
Descending projection neuron activity can relocate the site of spike initiation
We have recently shown that AGR can initiate action potentials everywhere along its axon trunk when excitability changes (Städele and Stein, 2015) . Our results indicate that the IV neurons' effect on AGR was targeted specifically at the ectopic spike initiation zone in the posterior stn. Thus, we predicted that spike initiation will remain at this particular spike initiation site until AGR firing frequency decreases below the intrinsic frequency of other axonal initiation sites. We monitored AGR's spike activity extracellularly on the dgn, the anterior stn and the son and compared the delay between recording sites before, during and after IV stimulation. With the central spike initiation zone active, action potentials first occurred on the stn and then traveled antidromically towards the dgn and orthodromically towards the son. A relocation of the spike initiation site would cause a change in the relative spike timing between these recordings. Figure 4A shows the AGR spike occurrence of 70 action potentials for each recording site before, during and after IV neuron stimulation. We found that IV neuron activation did not change the initiation site during modest AGR frequency changes and that spike timing did not change during or after IV neuron stimulation (N=14).
In several experiments (N=9 out of 45), however, the decrease in AGR firing frequency during IV neuron stimulation was so dramatic that the site of ectopic spike initiation switched to a different spike initiation site. In these cases spikes first occurred on the dgn. Such switches have previously been reported when the excitability at the stn spike initiation site is reduced. Daur et. al. (2009) showed that the stn SIZ competes with a spike initiation site in the dgn so that always the SIZ with the higher intrinsic firing frequency is active. Both in vitro and in vivo, the intrinsic firing frequency of the dgn SIZ is always lower than that of the stn SIZ. Our experiments show for the first time that descending neuromodulation can change this relation and allow for a switch of spike initiation zone: IV neuron activity reduced the intrinsic spike frequency of the stn SIZ to below that of the peripheral one, causing the switch of spike initiation site. Figure 5A and B shows the switch in AGR spike initiation during IV stimulation exemplarily for one preparation. Note the different time scales in Fig. 5A and B. In this particular example, IV neuron activation diminished AGR firing frequency by about 25%
(from 2.8 to 2.1 Hz). Relatively quickly after the onset of the diminishment, AGR spike shape and amplitude on the dgn changed noticeably (arrows in Fig. 5B ). As described previously (Daur et al., 2009) this change in AGR spike shape is an indication that the site of spike initiation moved to another location. When we compared the delay in spike occurrence on the different recordings, we found that spikes with negative amplitude were generated at the stn SIZ (Fig. 5C, trace i, *) . In contrast, spikes with positive amplitude (**) were generated in the dgn (trace ii). In the example shown spike initiation switched back and forth between both SIZs, indicating that the intrinsic firing frequencies of both SIZs were approximately the same. The continuous switching affected spike timing dramatically and we found a strong jitter in spike timing (Fig. 5C, iii) when all action potentials with positive amplitude were taken into account.
In conclusion, these results show that the IV neuron modulation can relocate the site of spike initiation by diminishing the AGR spike frequency at the stn SIZ. In some cases (N=4), IV stimulation even completely suppressed ectopic spike initiation (Fig. 5D ).
To test whether histamine could be responsible for the switch in spike initiation site, we determined the site of spike initiation during focal application of histamine. Similar to IV neuron stimulation we found that in several experiments (N=5 out of 13) the decrease in AGR firing frequency was strong enough to switch the site of ectopic spike initiation to the dgn (arrows in Fig. 3C ).
Axonal modulation is spatially restricted
Since IV neuron stimulation shifted spike initiation to the dgn, we next tested whether this spike initiation site was similarly affected by descending modulation. We artificially moved the site of spike initiation away from the physiological location in the stn to the dgn via focal application of high-divalent saline (HiDi) to the posterior stn. HiDi is known to increase the spike threshold (Daur et al., 2009 ) and lead to a relocation of spike initiation to the dgn (Fig.   4B ). This was also the case in our experiments. When we activated the IV neurons while spikes were initiated in the dgn, we found no further decrease in AGR firing frequency. Figure 4C shows the decrease in AGR firing frequency during 40 Hz IV neuron stimulation when spikes were elicited in the stn (normal saline) and when spikes were elicited in the dgn (HiDi application) for the same preparation. Although IV neuron stimulation elicited in both cases a strong and long-lasting gastric mill rhythm, AGR instantaneous firing frequency did not diminish when spikes were initiated in the dgn. Similarly as described by Städele and Stein (2015) , the small gastric mill-timed oscillations of the AGR firing frequency were absent. We found this to be true for all preparations tested (N=5). In conclusion, thus, descending modulation specifically targeted the stn spike initiation site, allowing a direct regulation of ectopic spike frequency at this site. In contrast, the dgn spike initiation site was unaffected by descending modulation. 
Axon propagation dynamics are not influenced by descending modulation
Axons are often seen as faithful conduits of action potentials. However, there are numerous reports demonstrating that action potential transmission and thus information content can be modified on its way to postsynaptic targets (REF) . Ectopic spike initiation elicited by neuromodulators like dopamine, serotonin or octopamine, for example, can add additional action potentials to the ones generated at the axon hillock (Meyrand et al., 1992; Bucher et al., 2003; Goaillard et al., 2004; Städele and Stein, 2015 ) . Neuromodulators can also affect the dynamics of action potential propagation and affect spike frequency in a historydependent way Petersen et al., 2001; Lang et al., 2006; Ballo and Bucher, 2009) . We have shown above that the IV neurons regulate ectopic action potential frequency. We thus tested whether this regulation also results in a modification of en-passant action potentials as they pass the site of modulation. Such modulation could result in a change in conduction dynamics and thus a change in the temporal structure of spike discharges or even spike failures.
We activated AGR in the periphery and measured the delays with which action potentials occurred on the stn and son before and during IV neuron modulation. In specific, we stimulated AGR extracellularly on the anterior gastric nerve (agn), a nerve that exclusively contains the AGR axon and innervates the muscles in the periphery. The agn was stimulated with 5 consecutive trains, each with 28 pulse and 15 Hz stimulation frequency, which approximately corresponds to AGR's in vivo activity (Smarandache and Stein, 2007; Daur et al., 2009; Daur et al., 2012) . Figure 6A shows the occurrence of action potentials on the stn and son before (control) and during IV modulation in one experiment. Action potentials were aligned to the stimulus and plotted on top of each other so that the first spike appears at the bottom and the last one at the top. For better comparison, spike times were extracted and plotted as a function of delay to the agn stimulation (Fig. 6B) . We found that the AGR conduction velocity was history-dependent even in control in that it initially decreased and then increased.. When we compared the temporal occurrence of each AGR spike during IV neuron stimulation to that in control we found no change. Figure 6C shows the difference in spike delay (= delay) on the stn and son before and during IV neuron modulation for 6 experiments. On average, we found that  delay for each spike was not significantly different from 0 (one sided t-test, p>0.5, N=6). Thus, IV neuron modulation of AGR spike initiation did not influence the temporal coding of en-passant action potentials.
Moderate or high frequency stimulation (10-50 Hz) of axons can lead to propagation failures (Krnjevic and Miledi, 1959; Grossman et al., 1979) so that action potentials fail to propagate along the axon and information is 'deleted' before it reaches the postsynaptic target.
Neuromodulators that act on axon can cause excitability changes and may thus alter the rate of conduction failures (Debanne, 2004) . We tested whether the rate of propagation failures and the maximum conduction frequency in AGR is affected by the IV neurons. We stimulated the agn with 10 trains of 10 to 50 Hz (10 Hz steps) for 9 seconds and compared the number of spikes passing through the site of modulation before and during IV neuron activation. 50
Hz simulation reliably caused spike failures of >50% even in control conditions (without IV neuron modulation), indicating that AGR's maximum firing frequency is limited to lower frequencies. Stimulation frequencies between 10 and 30 Hz did not result in any spike failures (neither in control nor during IV neuron modulation). At 40 Hz (arrows in Fig. 6 D) spike failures started to occur both in control and during IV neuron stimulation. On average, however, we found no significant difference between the number of spike failures during IV neuron modulation when compared to control conditions (Fig. 6E, paired t-test, p=0 .5, N=6).
Thus, the maximum transmission frequency of the AGR axon appeared to be unaffected by IV neuron modulation. Taken together, our results demonstrate that descending modulation of axonal spike initiation did not affect axonal propagation dynamics.
DISCUSSION
Descending control of sensory spike initiation
Many vital behaviors such as breathing, swallowing, and chewing, as well as locomotion and saccadic eye movements are driven by central pattern generating circuits that produce rhythmic output patterns (Marder and Calabrese, 1996; Grillner et al., 2005; Dickinson, 2006; Gordon and Whelan, 2006; Isa and Sparks, 2006; Kiehn, 2006; Katz and Hooper, 2007; Chevallier et al., 2008; Doi and Ramirez, 2008; Berkowitz et al., 2010; El Manira et al., 2010; Büschges et al., 2011; Harris-Warrick, 2011; Marder, 2012) . Some behaviors driven by CPGs are continuous and stereotypic (Calabrese and De Schutter, 1992; Cleland and Selverston, 1998; Norris et al., 2011; Roffman et al., 2012) while others are episodic and flexible (Katz, 2009; Selverston et al., 2009; Büschges et al., 2011) . This flexibility is often the result of numerous influences affecting CPG circuits, such as hormonal or neurally released neuromodulators, sensory pathways and descending projections.
Descending modulatory projection neurons, for example, modify CPG output on almost every level, including short and long-term modifications of synapses and ionic conductances in circuit neurons as well as other projection neurons (McClellan, 1984; Stein, 2009; Shaw et al., 2010; Blitz and Nusbaum, 2011; von Philipsborn et al., 2011; Thiele et al., 2014; Borgmann and Buschges, 2015) . Modulation results in an immense plasticity of motor network output through dynamic adaptation of existing pattern generating circuits.
Descending neuromodulatory control is thus fundamentally involved in the process how nervous systems select distinct behaviors.
To our knowledge, this study is the first that demonstrates two distinct actions of descending projection neurons, namely that spike initiation in axons is under extrinsic neuromodulatory control and that descending projection neurons directly modulate sensory neurons. So far there were no indications that ectopic spike initiation in sensory neurons can be directly regulated by descending neurons. While neuromodulators such as neuropeptides and monoamines have been shown to affect both muscle contraction and sensory activity in the periphery (Birmingham et al., 1999; Birmingham, 2001) , there is no evidence of the source of these modulators. In many cases, assumptions about modulator sources stem from the concentration threshold for bath-applied neuromodulators. If the concentration is low, it is generally assumed that they reach the periphery as circulating hormones (Meyrand et al., 1992; Bucher et al., 2003; Goaillard et al., 2004) . If modulators were released from descending neurons, however, this could allow CPGs to interfere with sensory spike activity, at least in principle. CPGs provide ascending feedback onto descending modulatory neurons that control CPG activity, but also release neuromodulatory substances in a paracrine fashion (Antri et al., 2009; Buchanan, 2011; Blitz and Nusbaum, 2012) . If these neuromodulators reach the periphery, muscle contraction and sensory activity may be affected, allowing CPGs to indirectly control sensory activity.
Sensory pathways have been shown to interact on many levels with CPGs and their descending inputs to dynamically adjust CPG output in response to changing internal and external conditions (Bässler, 1986; Wolf, 1991; Prochazka et al., 2002; Büschges, 2005; Doi and Ramirez, 2008; DeLong and Nusbaum, 2010; Büschges et al., 2011; Stein, 2014) . While most sensory influences are feed-forward in that the sensory neurons inform the CNS of changes in the environment or the body, there is also feedback from the CNS to the afferent pathways. In particular, gating of sensory and sensory-related information in central pathways via presynaptic inhibition is common in many systems (el Manira and Clarac, 1994; Coleman et al., 1995; Sauer et al., 1997; Stein and Schmitz, 1999; Beenhakker et al., 2005; Beenhakker et al., 2007; Barriere et al., 2008; DeLong et al., 2009; Bardoni et al., 2013) . In locusts, for example, the sensory feedback from the femoral chordotonal organ, which measures the position of the femur-tibia joint during walking, is gated with the phase of the walking motor pattern, disabling feedback during certain phases of this pattern (Wolf and Burrows, 1995) . The underlying mechanism is a phase-dependent presynaptic inhibition of the sensory terminals and a concomitant decrease in transmitter release without affecting sensory activity and action potential propagation to the terminals.
While the central pathways that elicit presynaptic inhibition are still somewhat nebulous, it has been demonstrated that proprioceptors can presynaptically inhibit the terminals of neurons from other proprioceptive sense organs Schmitz, 1999, Clarac and Cattaert, 1996; Cattaert et al., 1999; Barriere et al., 2008) . Since proprioceptors typically show phasic activity, this could contribute to the gating of sensory feedback at specific phases of the motor pattern.
Gating of sensory information often results in a diminishment or even complete block of afferent spike propagation at the terminal (Burrows and Matheson, 1994; Clarac and Cattaert, 1996; Schmitz and Stein, 2000; Margrie et al., 2001; Xiong and Chen, 2002; Evans et al., 2003; Barriere et al., 2008; Lee et al., 2012) . In contrast, our results show that afferent spike transmission in AGR was not gated by IV neurons. Modulation of ectopic spike initiation had no influence on axon dynamics and action potential propagation dynamics of en-passant action potentials (Fig. 6 ). In specific, there was no influence of IV neuron activity on action potential propagation delay and history-dependence. This occurred despite the fact that modulator actions on axons have been shown to determine propagation dynamics Ballo and Bucher, 2009; Ballo et al., 2010; Ballo et al., 2012) . However, modulatory influences on propagation dynamics are more effective if they are exerted along a large stretch of the axon (Ballo and Bucher, 2009 ). This was not the case in our experiments as the spike initiation zone is a rather restricted locus on the axon. There was also no effect on the maximum frequency, i.e. action potential conduction seemed unaffected.
In summary, thus, the modulation of axonal spike initiation by descending projection neurons represents a convenient way of altering sensory spike activity without affecting afferent information transfer. Since most motor networks are under descending modulatory control and receive sensory feedback, direct neuronal control of sensory spike initiation may be a common and understudied principle for activity-dependent regulation of sensory activity.
Mechanism of modulation
How can descending modulatory neurons affect spike initiation without altering spike propagation dynamics? The IV neurons contain at least 2 co-transmitters (histamine and FMRF-like peptide F1, Christie et al., 2004; Stein et al., 2007) . Our data show that while both can affect AGR, only histamine caused a decrease in AGR firing rate (Fig. 3C ). We were able to partially block the histamine effect with the competitive H 2 receptor antagonist cimetidine (Fig. 3E) . Histamine, just like other biogenic amines, has been shown to mediate a plethora of different actions on neurons. It is known to be involved in thermoregulation, feeding rhythms, sensory and motor control, and circadian control of sleep, metabolic rates and appetite (summarized in Haas et al., 2008) . Histamine can either act via metabotropic G-protein coupled receptors (H 1 -H 4 ) that mediate an increase in intracellular cAMP or via ionotropic receptors that activate chloride conductances. The latter can be found in the hypothalamus (Hatton and Yang, 2001 ) and thalamus (Lee et al., 2004) , olfactory neurons of the spiny lobster (McClintock and Ache, 1989) , neurosecretory cells in crayfish (Cebada and Garcia, 2007) , motor neurons of the lobster cardiac ganglion (Hashemzadeh-Gargari and Freschi, 1992) and the antennal lobe in honey bee (Sachse et al., 2006) . Albeit the overall effect on neural networks is mostly inhibitory, this inhibition is typically indirect and mediated via excitation of inhibitory interneurons (Haas et al., 2008) . In the STNS, in contrast, all hitherto described histaminergic actions are inhibitory (Claiborne and Selverston, 1984; Pulver et al., 2003; Christie et al., 2004) . Histamine elicits a strong and fast hyperpolarization of the pyloric pacemaker neurons in the STG that subsides a few seconds after the end of the IV neuron stimulation (Christie et al., 2004) . Since the histaminergic effects on AGR were much slower and maintained for much longer, the kinetics seem distinct from histaminergic actions exerted on STG motor neurons.
What mechanisms could be responsible for the observed decrease in ectopic spike initiation during IV neuron activity? Potential mechanisms include a reduction in depolarizing ionic conductances or activation of hyperpolarizing conductances (e.g. chloride or potassium) by histamine. We found that blocking H 2 receptors with cimetidine substantially diminished the IV neuron mediated effect (Fig. 3E) . H 2 receptors have been shown to interact with ionic conductance such as I K(Ca) (Haas and Konnerth, 1983; Pedarzani and Storm, 1993) and I h (McCormick and Williamson, 1991; Pedarzani and Storm, 1995) . While I h is present in AGR (Daur et al., 2012) , I K(Ca) has not been identified yet. In any case, a histamine-induced reduction of either conductance or a shift in their voltage-or calcium-dependence could alter cell resting potential and spike activity. For example, Ballo et al. (2010) show that axonal I h depolarizes the resting membrane potential in the axon and causes ectopic spiking.
However, due to its depolarizing effect, I h also affects action potential propagation. In specific, I h influences the slow hyperpolarization (sAHP) of action potentials (Grafe et al., 1997; Soleng et al., 2003; Baginskas et al., 2009 ). The relative contribution of I h determines the degree to which an axon hyperpolarizes during repetitive activity (Kiernan et al., 2004) .
The sAHP, in turn, has been implicated in a general slowing of action potential propagation (Bostock and Grafe, 1985; Grafe et al., 1997; Moalem-Taylor et al., 2007; Ballo et al., 2010; Ballo et al., 2012) . The fact that in our experiments action potential propagation during IV neuron modulation did not change (Fig. 6) indicates that if H 2 receptors modulate I h or another conductance in AGR, this effect is spatially restricted to the ectopic spike initiation zone.
We noted that histamine influenced AGR only at rather high concentrations (10 mM, Fig. 3C ).
The high concentration needed in our experiments might be explained in part by the fact that all neuromodulators were applied to the non-desheathed nervous system (see Material and Methods). The reason for this was that removal of the sheath impaired the IV neuronmediated influence on AGR, similarly to previously described effects by Goldsmith et al (2014) . The high concentrations needed could indicate that histamine is unable to fully penetrate the nerve sheath. This further supports the idea that histamine reaches the AGR axon only via chemical synaptic transmission rather than as circulating hormone. Hormone concentrations are typically very low in contrast to neurally released transmitters. If the sheath indeed interferes with histamine actions then low hormonal concentrations will not be sufficient to affect AGR.
Functional implications
The result of the AGR modulation is a change in its tonic spike frequency. Changes of a few Hertz in tonic activity modify ongoing gastric mill rhythms (Daur et al., 2009 ). Magnitude and timing of the gastric mill motor pattern correlate with the tonic spike activity of the muscle receptor, making the state of the system and ongoing activity important contributors to stimulus-induced changes in motor output. Interestingly, the effect on AGR was specific to the IV neurons and not elicited by a mechanosensory pathway (VCN) that also elicits gastric mill rhythms (Fig. 1) . In fact, VCN elicits its version of the rhythm via the same set of descending projection neurons (MCN1 and CPN2) as the IV neurons Hedrich et al., 2009 ), indicating that not the mere presence of descending modulation but its distinct type determines AGR axon modulation. The differential response to different pathways could represent an understudied form of neural plasticity in that not only the ongoing motor activity but even sensory feedback created by it is differentially affected by distinct descending pathways.
